Abstract. Interaction between endoplasmic reticulum (ER) stress and oxidative stress contributes to the occurrence and development of various types of cancer. The X-box-binding protein 1 (XBP1), which is an important transcription factor in ER stress-related pathways, has also been reported to serve a protective role against oxidative stress. However, the role of XBP1 in serous ovarian cancer (SOC) remains elusive. The aim of the present study was to explore the biological function of XBP1 in SOC cells under normal or oxidative stress conditions. The expression of XBP1 was downregulated in the SOC cell lines A2780 and HO8910 by lentivirus-mediated short hairpin RNA (shRNA). Cell proliferative ability was evaluated by cell colony formation and viability assays. The sensitivity of ovarian cancer cells to oxidative stress was evaluated using cell survival rate and apoptotic rate, determined by the Cell Counting Kit-8 assay and flow cytometry, respectively. Reactive oxygen species (ROS) levels were measured by flow cytometry and cell immunofluorescence using a dichlorodihydrofluorescein diacetate probe. The mRNA and protein expression levels were detected by fluorescence quantitative polymerase chain reaction and western blot analysis, respectively. The results demonstrated that XBP1 was overexpressed in SOC compared with normal ovarian epithelial cells, and that downregulation of XBP1 significantly reduced cell proliferative ability. In addition, the downregulation of XBP1 significantly enhanced the sensitivity of SOC cells to H 2 O 2 by increasing the intracellular ROS levels. The phosphorylation level of the mitogen-activated protein kinase (MAPK) p38 decreased in the cells of the XBP1-knockdown group. These results indicated that XBP1 may serve a protective role against oxidative stress in SOC cells, and the underlying molecular mechanism may be associated with the downregulation of phosphorylated p38. Therefore, targeting XBP1 may act synergistically with ROS inducers in the treatment of SOC.
Introduction
Ovarian cancer is the leading cause of gynecological cancer-related deaths in the United States (1) . As the most common subtype of ovarian cancer, high-grade serous ovarian cancer (SOC) is a highly lethal tumor with a 5-year survival rate of <30% due to its severe resistance to platinum-based chemotherapy (2) . Over the past decades, the efficacy of early diagnosis and treatment of SOC has improved (3), but little progress has been made in terms of overall survival.
Oxidative stress and reactive oxygen species (ROS) are closely associated with the occurrence and development of cancers (4, 5) . Although a slight increase in the intracellular ROS level is necessary for rapid proliferation of cancer cells (6) (7) (8) , excessive generation of intracellular ROS may induce cell death by damaging cellular DNA, lipids and proteins (9) . At present, a number of anticancer drugs, including chemotherapeutic agents (10) and molecular targeted drugs (11) , which may effectively eliminate cancer cells by inducing generation of ROS, have been applied in a clinical setting. Based on previous research, it may be hypothesized that enhancing the sensitivity of cancer cells to oxidative stress may improve the therapeutic effect of oxidative stress inducers.
X-box-binding protein 1 (XBP1) is an important transcription factor in the unfolded protein response (UPR), which is activated by endoplasmic reticulum (ER) stress. During ER stress, XBP1 is subjected to unconventional splicing and converted to an active form, termed spliced XBP1 (XBP1s) (12) . XBP1 is widely expressed in adult tissues, and it serves a key role in cardiac myogenesis and plasma cell differentiation (13, 14) . In addition, XBP1s is crucial for cancer cell survival under microenvironment stress conditions, such as hypoxia (15) . Overexpression of XBP1 has been observed Downregulation of XBP1 decreases serous ovarian cancer cell viability and enhances sensitivity to oxidative stress by increasing intracellular ROS levels in cancer tissues; high expression of XBP1 may enhance cancer cell proliferation and migration and confer drug resistance (16) (17) (18) . Several studies have demonstrated that blocking UPR signals may lead to tumor cell growth arrest and apoptosis in a variety of malignant tumors (19, 20) , which suggests that XBP1 may be a potential target for cancer therapy. In addition, an association between XBP1 and oxidative stress has been reported (21, 22) , which indicates that XBP1 silencing may act synergistically with ROS inducers in cancer treatment. Cubillos-Ruiz et al (23) first reported that the immunosuppressive effect of XBP1 in patients with ovarian cancer was mediated by dendritic cell dysfunction. However, the number of studies focusing on the expression of XBP1 in SOC is limited, and little is known regarding its potential role in ovarian cancer cells. To the best of our knowledge, the present study is the first to demonstrate that XBP1 is overexpressed in SOC cells and it is also the first to investigate the biological function of XBP1 in ovarian cancer cells under conditions of oxidative stress. In addition, the present study aimed to determine whether the downregulation of XBP1 may increase the sensitivity of ovarian cancer cells to oxidative stress, and whether the combination of XBP1 silencing and oxidative stress inducers may exert synergistic anti-SOC effects. The association between the downregulation of XBP1 and the expression of p-p38 was also investigated.
Materials and methods
Cell culture. The human SOC cell lines A2780, HO8910 and SKOV3 were acquired from the Type Culture Collection of the Chinese Academy of Sciences, and the normal ovarian epithelial cell line HOSEpiC was purchased from ScienCell Research Laboratories, Inc. Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.). 293T cells (The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences) were cultured in DMEM high glucose medium (Gibco; Thermo Fisher Scientific, Inc.). All cell lines were cultured at 37˚C with 5% CO 2 .
Database analysis. The mRNA expression levels of XBP1 in 426 SOC and 88 normal ovarian tissue samples were analyzed using the Gene Expression Profiling Interactive Analysis database (GEPIA; gepia.cancer-pku.cn; version no. GEPIA2). The Student's t-test was used to compare the mean values of two groups.
Establishment of stable cell lines. Short hairpin RNA (shRNA) sequences, as shown in Table I , were designed using the Sigma-Aldrich RNAi Design Service. For stable transfection, XBP1 (shXBP1-2 and shXBP1-3) and negative control (shCtrl) shRNA were embedded into the pLKO.1-puro vector (Addgene) at the AgeΙ and EcoRΙ sites. Subsequently, the recombined pLKO.1-puro vector and the packaging plasmid psPAX2 and pMD2.G (Addgene) were co-transfected into 293T cells at a ratio of 4:3:1 using the Lipofectamine ® 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C. At 48 h, the supernatant containing lentiviral particles was collected, and the ovarian cancer cell lines were infected with the lentiviruses using polybrene (Sigma-Aldrich; Merck KGaA) at a concentration of 8 mg/ml for 24 h at 37˚C.
Stably infected cells were screened using 2 µg/ml puromycin (Sigma-Aldrich; Merck KGaA) for 3-5 days, and the knockdown efficiency of the shRNA was determined by western blotting and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
RT-qPCR. Total RNA was extracted from cultured cells with TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse-transcribed into cDNA with the Prime Script ® RT Reagent kit (Takara Bio, Inc.) according to the manufacturer's protocol. qPCR was performed in a 10-µl reaction solution containing 20 ng cDNA, 0.4 µl forward primer, 0.4 µl reverse primer and 5 µl 2X SYBR Premix Ex Taq buffer (Takara Bio, Inc.). The PCR amplification was performed at 95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec and 65˚C for 40 sec, using an ABI PRISM Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). All experiments were performed in triplicate and normalized to GAPDH mRNA expression levels. mRNA levels were calculated using the 2 -ΔΔCq method (24) . The primer sequences are presented in Table I .
Western blot analysis. The cell lines HOSEpiC, A2780, HO8910 and SKOV3 were lysed on ice with cell lysis buffer IP (Beyotime Institute of Biotechnology) containing protease inhibitors for total protein extraction. Western blotting was performed as previously described (3). Protein expression levels were evaluated using enhanced chemiluminescence ECL reagent (Gene Tech Co., Ltd.). Densitometric analysis was performed using ImageJ software (version 1.8.0; National Institutes of Health) and normalized to the internal control β-actin. The primary antibodies used were as follows: XBP1 (1:1,000; rabbit polyclonal; cat. no. ab198999; Abcam), HMOX1 (1:500; mouse monoclonal; cat. no. sc-136960; Santa Cruz Biotechnology, Inc.), p-p38 (1:1,000; rabbit monoclonal; cat. no. D3F9; Cell Signaling Technology, Inc.), p38 (1:1,000; rabbit monoclonal; cat. no. 3042S; Cell Signaling Technology, Inc.), p53 (1:500; mouse monoclonal; cat. no. sc-126; Santa Cruz Biotechnology, Inc.), Bcl2 (1:1,000, rabbit polyclonal; cat. no. 12789-1-AP; ProteinTech Group, Inc.) and β-actin (1:5,000; Colony formation and cell proliferation assays. For the colony formation assay, 1,000 cells/well were seeded into 6-well plates and incubated for 10-14 days, until colonies were visible. Cells were washed twice with PBS, fixed with 4% (w/v) paraformaldehyde (Sigma-Aldrich; Merck KGaA) for 10 min at 4˚C and stained with 0.5% crystal violet solution for 30 min at room temperature. The number of colonies containing >50 cells was counted using an optical microscope. To measure cell proliferation, 2x10 3 cells/well were seeded into 96-well plates and incubated for 1, 2, 3, 4 and 5 days at 37˚C; 10 µl Cell Counting Kit-8 solution (Dojindo Molecular Technologies, Inc.) was added into each well and incubated for 2 h at 37˚C. The absorbance of each well at 450 nm was determined using a Synergy H4 microplate reader (Bio-Tek Instruments, Inc.).
Apoptosis assay. For apoptosis analysis, 3.0x10 5 cells/well were harvested from 6-well-plates, washed twice with PBS, re-suspended in 500 µl 1X binding buffer and incubated with 5 µl Annexin V-FITC/PI (BD Biosciences) for 15 min at 4˚C. Apoptotic rates were evaluated using flow cytometry.
Immunofluorescence. A total of 4.0x10 4 cells/well were fixed with 4% (w/v) paraformaldehyde for 30 min at 4˚C and auto-fluorescence was quenched with BSA. Subsequently, cells were stained with primary antibodies against XBP1 (1:200; rabbit polyclonal; cat. no. ab198999; Abcam) overnight at 4˚C, followed by incubation with secondary antibodies (Alexa Fluor-594; 1:1,000; cat. no. R37117; Thermo Fisher Scientific, Inc.) for 1 h at 37˚C. The cells were mounted with ProLong ® Gold Antifade Reagent with DAPI (Thermo Fisher Scientific, Inc.) and visualized using a LAS-AF-Lite multi-photon confocal microscope system (Leica Microsystems, Inc.).
ROS detection. Intracellular ROS levels were determined by the fluorescence intensity of the dichlorodihydrofluorescein diacetate (DCFH-DA) probe. Cells were incubated with 10 mM DCFH-DA for 30 min at 37˚C. Following two washes with ice-cold PBS, the cells were harvested for immediate detection by flow cytometry. The fluorescence intensity of cells was also observed under a multi-photon confocal microscope system. Statistical analysis. The data are expressed as the mean ± standard error of the mean of three independent experiments. Statistical analysis was performed using SPSS 19.0 software (IBM Corp.). Student's t-test was used to compare the mean values of two groups. One-way analysis of variance was used to compare the mean values of multiple groups with equal variances and Tukey's test was used to perform multiple comparisons as a post hoc test. P<0.05 was considered to indicate statistically significant differences.
Results

XBP1 expression is increased in SOC.
To investigate the role of XBP1 in SOC, the mRNA expression levels of XBP1 in 426 SOC and 88 normal ovarian tissue samples were analyzed using the GEPIA database. The results revealed that the mRNA expression level of XBP1 in SOC tissues was significantly higher compared with that in normal ovarian tissues (Fig. 1A) . For further verification, the protein expression level of XBP1 was detected in three SOC cell lines and the normal ovarian epithelial cell line HOSEpiC. Western blotting revealed a higher expression level of XBP1 in the A2780 and HO8910 ovarian cancer cells compared with that in HOSEpiC (Fig. 1B) , whereas no increase in XBP1 expression was observed in SKOV3 cells. Densitometric analysis demonstrated significant differences in the protein expression levels of XBP1 between HOSEpiC and A2780 and HO8910 cells (P<0.05; Fig. 1C) . Therefore, A2780 and HO8910 cells were selected for further experiments involving downregulation of XBP1 expression to investigate its biological function in ovarian cancer.
XBP1 downregulation inhibits cell proliferation.
To investigate the potential functions of XBP1 in SOC cells, shXBP1-2/shXBP1-3/shCtrl lentiviral infection was performed in A2780 and HO8910 cells. To confirm that XBP1 was effectively downregulated by shRNA, RT-qPCR and western blotting were used to evaluate XBP1 mRNA and protein expression levels, respectively. Western blot analysis revealed that the protein level of XBP1 was significantly decreased by shXBP1-2 and shXBP1-3 in the two cell lines (Fig. 2A) , and the results of qPCR demonstrated that shXBP1-2 and shXBP1-3 significantly decreased the mRNA level of XBP1 (Fig. 2B) . Decreased levels of endogenous XBP1 were associated with inhibition of cell proliferation (Fig. 2C ) and colony formation (Fig. 2D) . and protein expression levels of XBP1 gradually increased over time (Fig. 3A) . A2780 cells were treated with 30 and 40 uM H 2 O 2 and HO8910 cells were treated with 100 and 200 uM H 2 O 2 for 24 h. XBP1 downregulation significantly reduced the proliferative ability of cells compared with shCtrl (Fig. 3B) . Following treatment with H 2 O 2 for 48 h, A2780 cells were treated with 20 uM H 2 O 2 and HO8910 cells were treated with 100 uM H 2 O 2 , the apoptotic rates were significantly increased in the XBP1-knockdown groups compared with those in the respective control groups (Fig. 3C) . These results suggested that downregulation of XBP1 may enhance the sensitivity of ovarian cancer cells to oxidative stress.
XBP1 downregulation increases intracellular ROS levels.
To investigate whether XBP1 is involved in the regulation of the intracellular ROS level, the intracellular ROS levels were measured in the XBP1-knockdown and control groups. The downregulation of XBP1 resulted in a significant increase in intracellular ROS levels in A2780 and HO8910 cells compared with shCtrl. ROS levels, as detected by flow cytometry, were increased in the A2780 and HO8910 cells of the knockdown group compared with the shCtrl group (Fig. 4A) . Cell immunofluorescence was also performed to detect the intracellular ROS level in A2780 and HO8910 cells, and the results were consistent with those of flow cytometry (Fig. 4B) .
XBP1 downregulation induces changes in heme oxygenase 1 (HMOX1) and phosphorylated (p-)p38 expression.
To identify the underlying molecular mechanisms of XBP1-dependent ROS sensitivity regulation in SOC cells, the mRNA levels of the antioxidant genes ferritin heavy chain 1 (FTH1), quinine oxidoreductase (NQO1) and HMOX1, which are regulated by nuclear factor erythroid 2 like 2 (Nrf2), were evaluated by RT-qPCR. The expression levels of these genes were increased to a variable extent in A2780 cells of the knockdown group; HMOX1 was also increased in HO8910 cells with downregulated XBP1 expression (Fig. 5A) . The results of western blotting further confirmed that HMOX1 expression was increased in the knockdown group (Fig. 5B) . The results indicated that the downregulation of XBP1 increased antioxidant production in ovarian cancer. The expression levels of the antioxidant genes FTH1, NQO1 and HMOX1 in the Nrf2 signaling pathway were increased to varying degrees, and HMOX1 was significantly upregulated following XBP1 knockdown. However, the increased intracellular ROS levels induced by the downregulation of XBP1 may stimulate the expression of these antioxidant genes in response. Detection of apoptosis-related proteins demonstrated that P53, Bcl2 and total p38 expression levels did not change in the knockdown group, whereas the phosphorylation level of the stress kinase p38 was decreased compared with shCtrl (Fig. 5C) .
Discussion
To the best of our knowledge, the present study is the first to demonstrate that XBP1 is overexpressed in A2780 and HO8910 SOC cells, and that the downregulation of XBP1 in A2780 and HO8910 cells may result in decreased cell viability. Oxidative stress may stimulate the expression of XBP1 in SOC cells. In addition, the downregulation of XBP1 may significantly To further investigate the mechanism of XBP1 is involvement in the resistance of ovarian cancer cells to oxidative stress, the expression levels of the stress-related kinase p-p38 and the apoptosis-related proteins p53 and Bcl2 were detected. The results demonstrated that the downregulation of XBP1 decreased the phosphorylation levels of the stress kinase p38, but did not affect the expression of P53, Bcl2 and total p38. The western blotting results revealed that compared with the control groups, (B) HMOX1 was increased in the knockdown group of A2780 and HO8910 cells and (C) the phosphorylation levels of the stress kinase p38 were decreased in the knockdown group, whereas no changes in the expression of p53 and Bcl2 were observed. One-way analysis of variance and Tukey's test were performed to determine statistical differences between multiple groups. Data are presented as the mean ± standard error of the mean. ER stress and the UPR pathway serve an important role in the occurrence and development of various tumors (25) . Oncogene activation, hypoxia and nutrient deprivation induce ER stress in cancer cells (26, 27) , and the activation of UPR in a stress environment is crucial for cancer cell growth and survival (28, 29) . The initial activation of UPR may restore the normal function of ER through various signaling pathways, and a variety of molecules, such as HMOX1 and the MAPK family member p38, are involved in ER stress and oxidative stress (30) , which indicates an association between the two. XBP-1 is a transcription factor in the UPR pathway, and previous studies have reported that XBP1 serves a protective role against oxidative stress (21, 31, 32) ; therefore, XBP1 may be a potential link between the ER stress and oxidative stress pathways in cancer.
The imbalance between ROS and antioxidants is associated with a variety of pathogenic conditions, including cancer progression (33) . A slight increase in ROS levels is beneficial to the development and progression of cancer, but excessive ROS production induces oxidative damage to proteins, lipids, RNA, DNA and other biological macromolecules in cancer cells, leading to cancer cell senescence and death (9) . Therefore, tumor cells with increased endogenous ROS levels are likely to be more vulnerable to exogenous ROS-inducing agents. To the best of our knowledge, the present study was the first to reveal that XBP1 serves a role in controlling the intracellular ROS levels of SOC cells. XBP1 knockdown significantly enhanced endogenous ROS levels and increased sensitivity of SOC cells to oxidative stress, which indicated that knockdown of XBP1 combined with a ROS inducer may be applied in the treatment of ovarian cancer in the future. In the present study, the knockdown of XBP1 increased the protein expression levels of HMOX1. When cancer cells respond to oxidative stress, HMOX1 may reduce intracellular ROS by upregulating its expression. HMOX1 upregulation may occur due to the increased intracellular ROS level following XBP1 downregulation.
In the present study, the expression levels of the apoptosis-related proteins p53 and Bcl2 were not associated with XBP1 in SOC cells, but the phosphorylation level of p38 was associated with XBP1 expression. The p38 MAPK signaling pathway is a key signal transduction cascade, which controls the balance between cancer cell survival and death in response to microenvironmental stress (34, 35) . The complexity of this regulation may determine the cell fate, i.e., survival or death, depending largely on the type and intensity of the stress, as well as the cell type (36) . Accumulating evidence suggests that the p38 signaling pathway serves a dual role in various types of cancer. Wagner and Nebreda (37) suggested that p38 is associated with apoptosis in hepatoma cells and another study indicated that p38 is closely related to the chemoresistance of colorectal cancer (38) . This dual role poses a challenge to the development of highly effective anticancer therapies targeting the p38 MAPK pathway. The present study demonstrated that the knockdown of XBP1 decreased the phosphorylation levels of the stress kinase p38. It is necessary to further explore the association between XBP1 and p38 and to elucidate the role of p38 in the development of SOC.
In conclusion, the results of the present study demonstrated that XBP1 is overexpressed in SOC and that knockdown of XBP1 significantly inhibited cell proliferation, which indicated that XBP1 may be a crucial transcription factor for the survival of ovarian cancer cells. In addition, XBP1 knockdown enhanced the sensitivity of SOC cells to oxidative stress through upregulation of endogenous ROS levels. In conclusion, XBP1 may be a candidate molecular target for inhibition of SOC cell growth, and may act synergistically with ROS inducers in anticancer treatment.
